Introduction
============

Overexposed to the urban air pollution causes severe respiratory health problem of the susceptible population, especially the and the aged people [@B1]-[@B7]. The major component of urban air pollution is the impalpable particulate matter (PM) [@B8], [@B9]. Physically, those suspending particulate with aerodynamic diameter ≤ 2.5 mm (PM2.5) can be directly inhaled into the bronchus and deposited in the epithelium cells of the deepest pulmonary alveoli to cause primary or secondary disease of human body. In the past decade, numerous studies had exerted the detrimental effects of PM2.5 on respiratory system, including the bronchitis, chronic cough, asthma and even lung cancer [@B10]-[@B12]. However, the underlying toxicological mechanisms of PM2.5 associated with these lung dysfunction is still not thoroughly elucidated, which makes subsequent prevention and clinical treatment fewer effective.

Preliminarily studies reveal that many pro-inflammatory cytokines, such as interleukin 1 (IL1), interleukin 6 (IL6), interleukin 8 (IL8) and tumor necrosis factor (TNFα) are transiently or persistently secreted when exposure to PM2.5 in different types of cells [@B13]-[@B15]. Other cytological effects, like oxidative injury, aging and immoderately apoptosis are also reported [@B16]-[@B21]. These adverse factors may finally integrate to result in respiratory diseases. Interestingly, one recent study surprisingly shows that massive autophagy is induced in cardiovascular cells upon PM2.5 treatments. Besides, recent study further defines a form of autophagy-mediated cell death in chronic lung diseases, which showing an elevated autophagy level with progressing programmed cell death (PCD) [@B22], [@B23]. However, the exactly role of autophagy and the underlying mechanism of autophagy-mediated cell death in PM2.5-induced diseases is still unknown.

In the normal physiological condition, autophagy orderly degrades impaired cytoplasmic components to maintain intercellular homeostasis through lysosome pathway [@B24]. But under various pathophysiological conditions, improper autophagy leads to unpredictable and finally promotes cellular senescence and morbidity [@B25]. Many signaling, such as AMPK and mTOR, are widely considered to precisely regulate autophagy upon nutrient starvation or growth factors stimulation [@B26]. While recently, the nitric oxide synthases (NOS) is also found to participate in regulation of autophagy [@B27]. In mammals, NOS family encodes three distinct isozymes: neuronal (NOS1), cytokine-inducible (NOS2) and endothelial (NOS3) [@B28]. It has been suggested that increased NOS2 production contributes to cell toxicity under many harmful stimuli. But the role of NOS2 in regulation of PM2.5-induced autophagy and cell death is still unrevealed.

In this study, we demonstrated that PM2.5 rapidly induced inflammatory responses, oxidative injure and cell death in human bronchial epithelium cells. Moreover, we found that PM2.5 specifically induced NOS2 expression and NO generation to elevate excessive autophagy. Disruption of NOS2 signaling effectively reduced autophagy level and subsequent cell death. Thus, our novel findings clearly reveled the mechanism of autophagy-mediated cell death in PM2.5-treated human bronchial epithelium cells and provided potential strategy for future clinic application.

Materials and Methods
=====================

Cell Culture
------------

Human bronchial epithelial cells (BEAS-2B) were kindly provided by Dr. Chuanshu Huang as previously reported [@B29]. Briefly, the cells were cultured in DMEM (high glucose, Gibco, 12800-017) with 10% fetal bovine serum (Life Technologies, 16010-109) supplemented with antibiotic/antimycotic (Life Technologies, 15240-062) and incubated at 37℃ in 5% CO2 incubator.

Antibody and reagents
---------------------

Anti-NOS1(YT3168), anti-NOS2 (YT3169) and anti-NOS3 (YT3171) were purchased from Immunoway; anti-LC3B (\#3868) was purchased from Cell signaling technology; Anti-p-mTOR (YP0176) and anti-Caspase3 (YC0006), anti-p-PI3K (YP0765) were purchased from Immunoway. Anti-AMPK (YM3520), anti-mTOR (YT6120), anti-AMPK (YM3520), and anti-ERK (YM3516) were purchased from Immunoway. Anti-p-AMPK (YP0010) and Anti-p-ERK (YM1464) were also purchased from Immunoway. The PM2.5 samples were collected in Beijing city (China) as previously reported [@B29], [@B30]. Briefly, ambient PM2.5 was sampled between the 2nd and 3rd ring road of Beijing city, from October to December 2016. Then the filter was cut into 1 cm^2^ area of pieces, immersed in sterilized water and sonicated three times to extract the water-soluble components, followed by lyophilization and storage at -80℃. A certain quantity of PM2.5 was suspended and homogenized in DMEM supplemented with 2% FBS for using. The NOS2 siRNA (target sequence: 5\'-GCAGAAUCCUUCAUGAAGUTT-3\'), and control siRNA (target sequence: 5\'-UGACCUCAACUACAUGGUUTT-3\') were from GenePharma.

IL-6, NO and ROS detection
--------------------------

Cells were seeded into 96-well plates and cultured to 70% to 80% confluence. Then the cells were treated with PM2.5 at different doses or times. After treated for 24 hours, the supernatants were collected and analyzed the release of cytokines by using Human IL-6 ELISA Kit (Immunoway). For Nitric Oxide (NO) detection, the supernatants were analyzed by using Nitric Oxide (NO) assay kit (Nitrate reductase method, A012-1, Nanjing JianCheng Bioengineering Institute). For Reactive oxygen species (ROS) detection (E004, Nanjing JianCheng Bioengineering Institute), cells were trypsinized and stained with Reactive oxygen species Assay Kit, followed by Flow cytometry (FACS) analysis.

Western blot assay
------------------

After PM2.5 treatments, BEAS-2B cells were lysed with ice-cold RIPA buffer. The whole cell lysis was collected and separated by SDS-PAGE. Then the blots were incubated with the appropriate antibodies and were detected as indicated.

Flow cytometry analysis
-----------------------

Cells were fixed by 4% (vol/vol) paraformaldehyde or 70% ethanol (vol/vol). Then the ratio of apoptotic cells was detected by FITC Annexin V Apoptosis Detection Kit (BD pharmingen^TM^) according to the instruction manual.

Autophagy assay
---------------

For Immunofluorescence staining, BEAS-2B cells were fixed by 4% (vol/vol) paraformaldehyde. After washing, cells were stained with LC3B antibody and FITC-conjugated secondary antibody. Then cells were counted under the confocal microscope (ZEISS, LSM510 META) and scored for positive LC3B staining. And the presence of autophayosome in bronchial epithelial cells was directly assessed by transmission electron microscopy (TEM)-based analysis (TEM, Hitachi, H7650).

Statistical Analysis
--------------------

All experiments were performed at least three times. All data were presented as the mean standard deviation (SD), and analyzed using Student\'s t test and one-way analysis of variance. p \< 0.05 was considered statistically significant.

Results
=======

PM2.5 induced cell death, ROS generation and IL6 expression in BEASE-2B cells
-----------------------------------------------------------------------------

To determine the adverse role of PM2.5 on human bronchial epithelial cells, we first treated BEASE-2B epithelial cell line with different concentration of PM2.5, which was collected from the main streets of Beijing city, China (from October to December 2016). As shown in Fig. [1](#F1){ref-type="fig"}A, morphological characteristic of cell death was clearly emerged as the gradually increasing concentration of PM2.5 treatments. While the MTT proliferation assay also showed that the cell reproductive capacity was significantly decreased after a series of PM2.5 treatments (Fig.[1](#F1){ref-type="fig"}B). Using Annexin-V/PI double staining assay, we further demonstrated that PM2.5 remarkably but moderately induced apoptosis of BEASE-2B cells (Fig.[1](#F1){ref-type="fig"}C and D). These results confirmed that PM2.5 generally triggered cell apoptosis as previous reported. Most interestingly, we surprisingly found that the cellular level of reactive oxygen species (ROS) and interleukin 6 (IL6) were dramatically increased after high concentration of PM2.5 treatments in a short period (Fig.[1](#F1){ref-type="fig"}E and F). Therefore, we speculated that the rapidly induction of oxidative injure and extensive inflammatory reaction in human bronchial epithelial cells might eventually contribute to the majority of cell death [@B31].

Autophagy level was significant elevated in PM2.5-treated BEASE-2B cells
------------------------------------------------------------------------

Except for massive ROS generation and sharply immunoreaction, we next investigated the more accurate mechanism underlying the PM2.5-induced cell death. Consistently, the caspase-3 and p53 expression level were gradually increased after high concentration of PM2.5 treatments, reflecting the upregulation of apoptosis in BEASE-2B cells. Meanwhile, the phosphorylation levels of AMPK and REK were slightly changed, suggesting not the stress signaling pathway but more specific signaling pathways might be activated to possibly initiate cell apoptosis (Fig.[2](#F2){ref-type="fig"}A). In contrast, we notably found that the phosphorylation levels of mTOR and PI3K were significantly decreased, while the autophagosome marker LC3-II was continuous accumulated after high concentration of PM2.5 treatments (Fig.[2](#F2){ref-type="fig"}B). These results suggested that PM2.5 severely suppressed the metabolism pathways and subsequently induced autophagy formation in BEASE-2B cells. Immunofluorescence staining of endogenous LC3-II further clearly showed the elevated autophagy level in BEASE-2B cells after different concentration of PM2.5 treatments (Fig.[2](#F2){ref-type="fig"}C). Moreover, the autophagy was quickly emerged after a high concentration of PM2.5 treatments, suggesting autophagy might act as a rapid response mechanism in BEASE-2B cells when exposed to PM2.5 (Fig.[2](#F2){ref-type="fig"}D).

PM2.5 induced NO production and NOS2 expression in BEASE-2B cells
-----------------------------------------------------------------

To further investigate whether the elevated autophagy level was related to PM2.5-induced epithelial cells death. We performed the high resolution transmission electron microscopy scaning, and immediately found the apparently formation of autophagosome after a high concentration of PM2.5 treatments, while the global programmed cell death phenotype was simultaneously appeared in the cellular content, like blebbing, cell shrinkage, karyopyknosis, mitochondrial atrophy (Fig.[3](#F3){ref-type="fig"}A). These data further proved the possibility that PM2.5-induced autophagy might lead to cell death and urged us to explore the underlying mechanisms that regulate of autophagy-mediated cell death. Previous study showed that the nitrogen signaling could active autophagy in certain cells, we then detected and indeed found that the production of nitric oxide (NO) level was dramatically increased after a high concentration of PM2.5 treatments (Fig.[3](#F3){ref-type="fig"}B). Most interestingly, we further found the induction of NO was specifically mediated by the upregulation of NOS2 expression (Fig.[3](#F3){ref-type="fig"}C). Collectively, these results suggested that PM2.5-induced autophagy-mediated cell death might mainly though the activation of NOS2-NO signaling axis.

PM2.5 induced autophagy-mediated cell death through NOS2 signaling
------------------------------------------------------------------

To further verify the critical role of NOS2-NO signaling in PM2.5-induced autophagy and subsequent cell death, we next knocked-down NOS2 expression by using siRNA in BEASE-2B cells. When compared to control, the NOS2 protein level was efficiently reduced in NOS2 knocked-down cells, whereas the phosphorylation levels of mTOR was increased, suggesting the pro-survival signaling was reactivated (Fig.[4](#F4){ref-type="fig"}A). Most importantly, after NOS2 knocked-down, the expression level of autophagyosome marker LC3-II was significantly eliminated, following the cell apoptosis marker caspase-3 was immediately diminished when compared to control (Fig.[4](#F4){ref-type="fig"}A). These data firstly and comprehensively revealed the unexpected role of NOS2 in promoting PM2.5-induced autophagy and autophagy-mediated cell death in bronchial epithelial cells. Meanwhile, the NO level was also significantly reduced in NOS2 knocked-down cells, suggesting NO might act as a direct downstream effector molecule to trigger PM2.5-induced cell death (Fig.[4](#F4){ref-type="fig"}B). Consistently, immunofluorescence staining further demonstrated that autophagy level was clearly decreased in NOS2 knocked-down cells, suggesting the specific role of autophagy in PM2.5-induced cell death (Fig.[4](#F4){ref-type="fig"}C). Furthermore, FACS analysis clearly showed the dramatically decreased level of apoptosis in NOS2 knocked-down cells when exposed to PM2.5 (Fig.[4](#F4){ref-type="fig"}D and E). Taken together, our study in the first time reveled the detailed mechanism of autophagy-mediated cell death in PM2.5-treated human bronchial epithelium cells.

Discussion
==========

With the development of the heavy industries and less control of the sources of pollution, the urban air is becoming continually over-contaminated. The growing morbidity of respiratory system caused by the inhalant particulate matters (PMs) in the urban air pollution is widely recognized, but the toxicological mechanism underlying these lung dysfunction is still not systemically revealed. Hugh efforts has been made to uncover the substantial function of PM2.5 on respiratory system, and several regulation mechanisms are constantly discovered, including sharply oxidative injure and excessive immune response, which finally lead to programmed cell death. Traditionally, autophagy is deemed to orderly degrade impaired cytoplasmic components and reuse these metabolites to maintain intercellular homeostasis and subsistence. Interestingly, recent studies indicate that excessive autophagy may lead to cell death. How autophagy triggers cell death and the underlying mechanism of autophagy-mediated cell death is still unknown. The upstream signal molecule triggering autophagy is also unknown. Although previously studies indicated the contradictory role of nitric oxide (NO) in autophagy formation [@B32], [@B33], the exactly role of NO in autophagy under PM2.5 exposure is largely unrevealed.

In our study, we demonstrated that PM2.5 rapidly induced autophagosome formation and subsequently cell death in human bronchial epithelium cells. We further found that PM2.5 specifically induced NOS2 expression and NO generation to elevate excessive autophagy. Most importantly, disruption of NOS2 signaling effectively blocked autophayosome formation and subsequently cell death. But how NO triggers autophagosome formation is still needed to explored. Moreover, due to complexity component of PM2.5, the exactly constituent caused cell death is also needed for further analysis. Except for PM2.5 induced cell death, another important aspect is that whether PM2.5 can also trigger human lung cell aging, as abnormal cell dysfunction always along with cell aging [@B34]. In sum, our novel findings partially reveled the mechanism of autophagy-mediated cell death that induced by PM2.5 in human bronchial epithelium cells and provided a potential target to remit the PM2.5-induced respiratory diseases.
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![**PM2.5 induced cell death, ROS generation and IL6 expression in BEASE-2B cells. (A)** Representative pictures showed the morphological cell death after a different concentration of PM2.5 treatments. **(B)** The MTT assay showed the decreased proliferation ability after a different concentration of PM2.5 treatments. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.**(C)** Representative FACS results showed the increased apoptosis rate of BEASE-2B cells after a different concentration of PM2.5 treatments. **(D)** The apoptosis ratio was counted in C. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.**(E)** The level of ROS was detected at indicated times after 100μg/mL PM2.5 treatments. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.**(F)** The level of IL6 was detected at indicated times after 100μg/mL PM2.5 treatments. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](ijbsv14p0557g001){#F1}

![**Autophagy level was significant elevated in PM2.5-treated BEASE-2B cells. (A and B)** Immunoblot analysis of BEASE-2B cells at indicated times after 100μg/mL PM2.5 treatments. **(C)** Representative immunofluorescence images showed the increased autophagy level after a different concentration of PM2.5 treatments. **(D)** Representative immunofluorescence images showed the increased autophagy level at indicated times after 100μg/mL PM2.5 treatments.](ijbsv14p0557g002){#F2}

![**PM2.5 induced NO production and NOS2 expression in BEASE-2B cells. (A)** Representative TEM images showed a high-magnification of double-membrane autophagic vesicles in BEASE-2B cells after a different concentration of PM2.5 treatments. Double-membrane autophagic vesicles were indicated in white squares. **(B)** The level of NO was detected at indicated times after 100μg/mL PM2.5 treatments. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. **(C)** Immunoblot analysis of NOS expression in BEASE-2B cells at indicated times after 100μg/mL PM2.5 treatments.](ijbsv14p0557g003){#F3}

![**PM2.5 induced autophagy-mediated cell death through iNOS signaling. (A)** Immunoblot analysis of NOS2 knockdown and control BEASE-2B cells at indicated times after 100μg/mL PM2.5 treatments. **(B)** The level of NO was detected in NOS2 knockdown and control BEASE-2B cells at indicated times after 100μg/mL PM2.5 treatments. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. **(C)** Representative immunofluorescence images showed the decreased autophagy level in NOS2 knockdown cells when compared to control at indicated times after 100μg/mL PM2.5 treatments. **(D)** Representative FACS results showed the decreased apoptosis rate in NOS2 knockdown BEASE-2B cells. **(E)** The apoptosis ratio was counted in D. Data was calculated from 3 independent experiments (Error bar, mean ± s.d.). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](ijbsv14p0557g004){#F4}
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